Abstract: Most studies on springs assumed stability, and reduced seasonal changes in the biota. We focused on two macroalgae (the rhodophyte Hildenbrandia rivularis and the chrysophyte Hydrurus foetidus) to unveil their seasonal-development patterns in springs. H. rivularis cover remained virtually constant throughout the year, although seasonal fluctuations in ecophysiological parameters were detected. The most important determinant of seasonal changes in H. rivularis was shown to be the complex interplay between solar radiation (day length) and shading. Negative cross-correlation between Chl-a and shading was found to be significant but with a time lag. H. foetidus seasonal changes were evident both at the macroscopic level and in ecophysiological parameters. Interestingly, it occurred throughout the year in the spring whilst it completely disappeared in summer in a nearby glacial stream. Unexpectedly, variability of ecophysiological parameters (coefficients of variation) was shown to be 15-20% higher in H. rivularis than in H. foetidus.
IntroductIon
If fed by sufficiently large aquifers, springs are permanent and characterized by daily and seasonal fluctuations of the main environmental parameters (such as temperature and alkalinity) which are relatively-narrow when compared with those of other aquatic habitats (Cantonati et al. 2012a) . Spring habitats often host a variety of populations of organisms that can achieve significant abundances (e.g., Stanford et al. 1994) , and have considerable importance in maintaining biodiversity, being able to act as true ecological refugia (e.g., taxböCk et al. 2016) for species that need stable environmental conditions and particularly-clean water. These habitats are however in danger, being highly-fragile and sensitive to human impacts (e.g., Cantonati et al. 2012a ). The extraction of water for drinking, energy, and irrigation purposes causes a decrease in the number of near-natural springs. In the Alps, the sources with higher discharge have generally been used for these purposes, even in protected areas where strict regulations should limit their use (Cantonati et al. 2009 (Cantonati et al. , 2012a . For their stability, sources are ideal monitoring sites for detecting changes in environmental characteristics at the local, regional, and global scale. With a view to medium and long-term studies on spring biological communities, it is possible to detect possible signs of change and estimate, as a result, the effects of the possible alteration on the environment (GereCke et al. 2011) .
Sessile benthic algae are the dominant primary producers in the springs of the Alps and in springfed rivers, although lichens, bryophytes, and higher plants are essential components of the flora (rott et al. 2006a) . Many environmental variables (physical and chemical factors) affect the growth of epilithic algae: light (e.g., Hill et al. 1995; neCCHi & ZuCCHi 2001) , temperature (neCCHi & ZuCCHi 2001) , substrate composition and grain size (blinn et al. 1980) , pH (MauriCe et al. 1987) , nutrients (elwood et al. 1981) , and current speed and disturbance (peterSon & StevenSon 1992) .
The variation of these factors causes both spatial and temporal fluctuations, that can be substantial, in periphyton composition and biomass. Information on the responses of freshwater macroalgae to these factors are still relatively-scarce (neCCHi & ZuCCHi 2001) . Generally macroalgae have a time sequence (teal 1957) and seasonal peaks in biomass occur in spring-fed streams (ward & dufford 1979; pfiSter 1993; Spitale et al. 2012) . weHr (1981), after studying the seasonality of the attached algae in the North Alouette River (British Columbia, Canada), concluded that major species tended to show evident seasonal de-velopment but with long periods of overlap, supporting the river-continuum (vannotte et al. 1980 ) idea that, in general, species are merely shifting along temporal and spatial axes, while total exclusion is rare.
Hildenbrandia rivularis (liebM.) J. aGardH is a red alga forming roundish to irregular crustose thalli on stones. The sexual reproduction is not known but the freshwater species produce gemmae, i.e. flattened cylindrical clusters of cells that develop on the surface of the thallus (SHerwood et al. 2002) . H. rivularis lives in shaded areas (bourrelly 1955; niCHolS 1965; StarMaCH 1969; roS et al. 1997) in rivers, lakes (SHerwood et al. 2002) , rocky ravines and springs (bourrelly 1955) . It occurs in neutral or weakly alkaline water (StarMaCH 1969; SHeatH et al. 1993; roS et al. 1997; SHeatH 2003) with relatively-high (>200 μS.cm -1 ) conductivity (SHeatH et al. 1993 ; roS et al. 1997; SHerwood & SHeatH 1999) . According to GutowSki & foerSter (2009) , it is an epilithic species, thriving often on the flanks and undersides of stones, occurring from oligo-to eutrophic, and from saprobically unaffected to moderately-affected waters (rott et al. 1999 ). According to the German Red List for red and brown algae it is a threatened species (knappe et al. 1996) .
The widespread, cold-water, rheobiontic Hydrurus foetidus (vill.) trev., although atypical, was recently confirmed by phylognetical analyses to be a chrysophyte, and it is likely to be a complex of homologous or closely related species (klaveneSS et al. 2011) . It is typical of mountain streams (Hieber et al. 2001; niCHollS & wuJek 2002; lindStrøM et al. 2004; rott et al. 2006) . It thrives in fast-flowing rivers across the Alps at all altitudes, and is also widely distributed in rheocrenic springs (Cantonati et al. 2006) . The species is usually well developed during the colder months of the year but disappears in summer with increasing flow (rott et al. 2000) . Some cells swim away, other form cysts, many probably die. Being an r strategist with rapid growth (rott et al. 2000) , it is able to reach high biomass values in a very short period of time both in spring and autumn (ueHlinGer et al. 1998) . One of the dominant factors in determining seasonal changes seems to be temperature (kriStianen 2005) : when the water temperature rises above 10 °C this alga disappears (niCHollS & wuJek 2002; kriStianen 2005) . The arbuscular thallus has a gelatinous consistence, it is deeply branched, often dark brown. traaen & lind- StroM (1983) report that the species occurs at current velocities > 80 cm.s -1 . Is not inhibited by light, and is not limited by nutrients (rott et al. 2000) . H. foetidus forms a matrix for specific communities of bacterial taxa, and a co-dominance of protozoa and chironomids grow in the living alga (rott et al. 2006b ). According to rott et al. (1999) and GutowSki & foerSter (2009) , it is characterized by a broad ecological amplitude with respect to both trophism and saprobity.
The overall aim of this paper is to study seasonal variations (type and intensity, cover and ecophysiological parameters) of two selected freshwater benthic macroscopic algae, living in stable environments such as spring habitats. The two species of macroalgae studied characterize two important types of sources (rheocrenes with large discharge and small carbonate, veryshaded rheocrenes). We aim at looking for correlations with physical and chemical variables and at comparing the seasonal strategies of the two macroalgae.
Methods
Study sites. Two springs, dominated by Hildenbrandia rivularis (Tovare) and Hydrurus foetidus (Ponte delle Cambiali, shortly "Cambiali") respectively, were sampled bimonthly for one year (October 2006 -October 2007 . The main morphological, physical, and chemical characteristics of the two permanent springs in which the study was carried out are reported in Table 1 . Ponte delle Cambiali spring is located within the Adamello-Brenta Nature Park (south-eastern Alps), at the top of the Genova Valley, whilst Tovare spring is located close to the north-eastern limit of this protected area. Cambiali flowing spring (= rheocrene) emerges on crystalline rocks (tonalite) in the Adamello batholith. H. foetidus is the dominant macroalga while the most common cyanobacteria are Tapinothrix janthina (bornet et flaHault) boHuniCká et J.r.JoHanSen, Microcoleus favosus (GoMont) StruneCky, koMárek et J.r.JoHanSen, Schizothrix tinctoria GoMont ex GoMont, and Phormidium retzii (aGardH) GoMont ex GoMont. The ecomorphology of the source underwent strong changes after works in summer 2005. The local municipality decided to tap the source for drinking purposes and built an intake. The works have greatly changed the environment. It was, however, possible to structure overflow discharges in such a way as to constitute a secondary residual spring habitat. The large discharge of Ponte delle Cambiali spring ( Table 1 ) makes sure that there is always overflow water (generally in substantial quantities even during periods of use of the water intake). The water now flows out of pipes located downstream of the original emergence site, and it is here that the present study was carried out.
Tovare rheocrenic spring emerges in the Brenta mountain range (Western Dolomites), on carbonate substratum. The red alga H. rivularis colonizes most of the lithic substratum, although it has to compete for space with the mosses Amblystegium tenax (Hedw.) JenS and Rhynchostegium confertum (diCkS.) SCHiMp. (DS unpublished data) and with the lichens Verrucaria eleomelaena (a. MaSSal.) arnold and V. rheitrophila ZSCHaCke (Nascimbene personal com.). Verrucaria rheitrophila is known to be typically associated with Hildenbrandia rivularis (oranGe 2000). Small blooms of the diatoms Odontidium hyemale (rotH) kütZinG and Odontidium mesodon (eHrenb.) kütZinG were occasionally noted. The diatom Cocconeis lineata eHrenberG was frequently noted thriving on talli of H. rivularis. C. lineata is a typical epiphyte on rhodophytes (CaZaubon 1989).
Morphological, physical, and chemical parameters measured in the field and laboratory. The two study springs had already been characterized and considered in the frame of the CRENODAT Project, and Ponte delle Cambiali spring is a long-term monitoring site (GereCke et al. 2011) . Morphological, physical, and chemical variables were assessed and measured following CRENODAT methodology (Cantonati et al. 2012b) .
Physical parameters were measured using the Hydrolab Quanta multiprobe. Discharge was measured with a graduated vessel and chronometer or by measuring current velocity along a transect with a Flowtracker -Sontek current meter. Shading conditions were documented by taking digital images perpendicularly to the site of emergence, and analysing images with the UTHSCSA Image Tool.
Total solar radiation was measured by the meteorological station of Caldes (distant only a few km from Tovare spring) and downloaded from www.meteotrentino.it. Weekly averages were calculated for the whole year considered.
Field work on the two macroalgae. The spring area in which Hildenbrandia rivularis was present was divided into four zones with distinct environmental characteristics, to highlight possible differences among microhabitats. To estimate the growth of thalli a visual survey of covers was carried out. A pebble / small boulder was collected from each zone and photographed every season. The repositioning of the stone into the pool after the photograph was carried out carefully so as not to make any changes to the microclimate. For the calculation of the Dry Weight (D.W.) and of Loss On Ignition (L.O.I.) organic matter, H. rivularis samples were taken from areas of known surface (1 cm 2 ) using a plastic frame 1 × 1 cm and a cutter. In each zone five stones were taken and from them a sample of H. rivularis corresponding to an area of 5 cm 2 was obtained. Samples were fixed with a few drops of formaldehyde (36%). For the estimation of photosynthetic pigments -chlorophyll-a (Chl-a) and pheophytin (pheo)-, similar samples were taken close to those for D.W. and L.O.I. (a sample of 5 cm 2 from each zone). Before sampling, thalli were cleaned from epiphytes with cotton wool soaked in spring water. The material was filtered directly in the field, using a manual vacuum pump and glass fibre filters (Whatman GF/C). Filters folded and wrapped in aluminum foil were kept in the dark and in the freezer (-20 °C) . At each sampling, also a qualitative sample of H. rivularis was taken for observation under the microscope. At each Hydrurus foetidus sampling, an estimate of the percent cover was made over an area of 1 m 2 , and the overall appearance of thalli was documented with photos. For the calculation of the dry weight and of the L.O.I. three H. foetidus samples were collected from stones from three areas of known surface (13.85 cm 2 ) using a template (diameter = 4.2 cm) and a cutter. For the analysis of photosynthetic pigments -Chl-a and fucoxanthin (fucox)-three samples were taken in the vicinity of those considered for the dry weight and the L.O.I. Samples for D.W. and L.O.I. were fixed with a few drops of formaldehyde (36%), and those for the pigments with absolute ethanol.
Lab work on the two macroalgae. For each H. rivularis sampling the following morphological characteristics were examined: number of cells per filament, height of the filament, diameter and height of the cells of the erected filament, height of the basal layer. Thirty measurements per character were taken (SHerwood & SHeatH 2003) . The occurrence of false branching, and the possible presence of gemmae were noted as well. All measurements were made under an optical microscope (Zeiss Axioskop 2). For D.W. and L.O.I., the material fixed in the field was subjected to three cycles of centrifugation at 2000 rpm for 15 min to remove most of the preservative added. The material was placed in previouslycalibrated aluminum crucibles, and was put for 24 h at 105 °C in an oven with forced ventilation (Binder Mod. FD53). For the study of the Hildenbrandia rivularis population we used a factorial ANOVA, in which the two factors correspond to the zone and to the sampling date, while the response variables are Chl-a, pheo, D.W., and L.O.I. For the characterization of the four sampling zones and of the twomonth periods according to abiotic factors (current speed, and shading) a one-way ANOVA was used. To find significant correlations between abiotic and biotic variables for H. rivularis, multiple linear and polynomial (second degree) regressions were applied. A cross correlation was used to detect a delay (lag) between two similar trends. The technique suggests a value for this lag, in a way such as to maximize the correlation between the two variables. To avoid a depletion of the habitat and excessive disturbance to the H. rivularis population, we chose to take three replicate samples only on the first sampling date (October 10 th 2007), and the coefficient of variation was calculated on the data of the replicate measurements for each ecophysiological parameter considered. The percentage value of the coefficient of variation was used as an estimate of the error of the data collected, assuming an almost constant and very small intra-zone variation. Some studies on freshwater phytobenthos (e.g., kinG et al. 2006) assume that the spatial microvariability within a site is very small and such as to allow for cumulative samples.
For the study of H. foetidus, one-way ANOVAs, in which the independent variable is the sampling date and the dependent variables are the ecophysiological parameters considered, were used.
results
Morphological, physical, and chemical characteristics of the study springs. Table 1 reports the values of the main physical and chemical factors measured during the study period in the two springs. The values do not undergo major fluctuations throughout the year. In both sources the water is always close to saturation in oxygen. In both sources the flow rates show a peak in summer (in conjunction with the period of the melting of snow and ice), and, in the case of the Tovare Spring, one in December (perhaps due to a short period with above-average temperatures). Current velocity showed a trend similar to the discharge in the Cambiali Spring whilst in the Tovare Spring the values of current speed vary in the four zones. Cambiali Spring was almost completely exposed for the whole year while the Tovare Spring percent shading varied among seasons and zones. For the Tovare Spring, one-way ANOVAs revealed that the four zones differed in a statistically significant way for current velocity (F = 14.4, P = 0.00003) (significant differences between the zones for shading were not found) whilst the two-month periods for shading (F = 9.3, P = 0.0003). Shading was highest in the summer months, when the growth of forest vegetation and undergrowth peaked while it was minimal in the winter months.
Macroscopic cover of H. rivularis and H. foetidus
Visual (photographical) assessments of Hildenbrandia rivularis in the Tovare spring confirmed substantial stability in the covers of H. rivularis in each zone (as shown, e.g., by the images of a thallus taken from zone 1, Fig. 1 ).
Cover assessment of Hydrurus foetidus in the Cambiali Spring showed some seasonal fluctuation (Fig. 2) . The highest covers, approx. 90%, were observed in mid-November and at the end of June. (Fig. 3) .
Seasonal changes in ecophysiological parameters

Environmental determinants of seasonal changes in ecophysiological parameters
Considering the abiotic variables current velocity and shading, which differentiate respectively the four zones and the seasons, we tested the existence of a significant relationship with the biotic variables considered (D.W., L.O.I., Chl-a, and pheo.). Linear relationships between the biotic and abiotic variables could not be found applying multiple regressions (Table 3) . Thus H. rivularis does not vary linearly in statistically significant way with respect either to current speed or shading. Consequently we looked for non-linear relationships among variables. A single quadratic (second degree polynomial) significant relationship between Chl-a and shading could be found (Wald = 7, P = 0.008).
Considering the range of values of weekly averages of irradiation over the station of Caldes, there was a good relationship between the biotic and abiotic parameters. Chl-a increased with total radiation and shading in the first section. When the shading was too high, Chl-a decreased (quadratic relationship), even though the values of total radiation remained high (Fig.  4) . We tried to give a statistical value to this trend by means of cross-correlation. This technique suggested a lag (delay) between the two variables (Chl-a and shading) of three time steps (= dates). With this lag value, Chl-a and shading are negatively correlated with a P bordering significance (0.08). Coefficients of variation of the ecophysiological parameters considered for the two macroalgae Considering the coefficients of variation of Chl-a, D.W., and L.O.I., H. rivularis showed a variability which was 10-20% greater than that of H. foetidus. In a contrasting way to macroscopic observations, ecophysiological parameters were less stable for H. rivularis than for H. foetidus (Table 4) .
dIscussIon
The obvious and pronounced seasonality of Hydrurus foetidus was also demonstrated through the analysis of ecophysiological parameters. In particular, the season of the year more favourable for H. foetidus in the spring studied is found to be the end of spring-early summer. The alga, however, never disappears in the spring environment. It colonizes the epilithic substratum continuously throughout the year. This is an important difference from what observed by rott et al. (2000) in glacial streams, where H. foetidus tends to disappear when discharge reaches the maximum because of snow and ice melting during the summer, and then regenerates to September-October and persists during the colder months of the year. Massive H. foetidus growths of short duration are in fact typical of glacial streams (ueHlinGer et al. 1998; rott et al. 2006a) . From this literature information it is thus apparent that the seasonality of H. foetidus in the spring environment is much less marked than in mountain streams. This might be explained considering the particular stability of the krenon, which provides particularly balanced conditions for the algal communities. The association of H. foetidus with groundwater discharge areas (springs discharging into nearby streams, upwelling sites) was confirmed by recent field studies in mountain and alpine streams and rivers (wyatt et al. 2008; roy et al. 2011 ). According to kriStianen (2005), one of the strongest determinants of H. foetidus seasonality is temperature. When the water temperature rises above 10 °C, H. foetidus begins to disappear (niCHollS & wuJek 2002; kriStianen 2005) . The temperatures measured in the spring during our sampling surveys never reached such high values. Another factor that might have influenced the seasonality of H. foetidus in our study is the intensity of incident light on the spring, which reaches its maximum right at the end of spring -early summer. According neCCHi & ZuCCHi (2001) , it can be said that, despite recognition of the importance of light and temperature on the growth and distribution of algae in lotic systems, ecophysiological studies are relatively scarce and, in the particular case of red algae, restricted to a few species.
Hildenbrandia rivularis used to be well-known from streams but Cantonati et al. (2012b) list it as a characteristic species of the spring type "Low-altitude, mostly shaded, N-enriched rheocrenes on carbonate substratum". In Poland it is considered rare and is protected (e.g., JakubaS et al. 2014) but its first report in central Poland occurred in a spring head (Żelazna-wieCZorek & ZiulkiewiCZ 2008) . In our study, the ecophysiological parameters analysed for H. rivularis unveiled seasonal fluctuations, although this alga macroscopically appeared to be a constant presence in the spring. Chl-a turned out to be the most explanative parameter. The abiotic factor most important in de- termining the seasonality of Chl-a appeared to be the amount of light that reached the thalli of H. rivularis. It depends on the degree of insolation and on total shading created by the vegetation cover. In various studies (e.g., SHeatH & burkHolder 1985) , it was noted that the available light and the effect of shading influence the composition and abundance of macroalgae communities. The light regime, understood as a range of fluctuations, intensity, quality, and photoperiod, affect the seasonality of freshwater red algae (SHeatH & burkHolder 1985) . Like many red algae, H. rivularis is often found in shaded habitats / microhabitats, being adapted to survive in low-light (bourrelly 1955; StarMaCH 1969; roS et al. 1997) , and showing a preference for low-light regimes (kreMer 1983; Sabater et al. 1989; SHeatH & HaMbrook 1990; leukart & Hanelt 1995; neCCHi & ZuCCHi 2001; eloranta & kwandranS 2004; Cantonati et al. 2012b; CeSCHin et al. 2013 ). Our study showed that when shading is too high, Chl-a values were lower than those measured in the presence of more abundant light. Shading and Chl-a are negatively correlated and reach the maximum correlation with a lag of three steps, probably due to the time required by the alga for physiological adaptation. The relationship between the two variables could be observed both by considering the temporal and the spatial pattern of microhabitats. This result is in agreement with a study by Cox (1990) , which argues that in the presence of constant temperature the increase of periphyton Chl-a is probably due to the increase of insolation. With the arrival of summer, the trees reduce the light input on the site and may explain the decrease in Chl-a. With this in mind, it seems that H. rivularis survives well in conditions of high shading thanks to a particular adaptation of the species, but it is more productive in the presence of more intense light. This result does not seem to support the observations of SHerwood & SHeatH (1999) , who argued that the percentage cover of Hildenbrandia angolensis is negatively correlated with day length, indicating that this species is most abundant during winter months when there are fewer hours of daylight. It is possible that the seasonal growth strategy we have identified for H. rivularis is characteristic of spring-habitat-dwelling populations only, while patterns might be different in environments with greater light and nutrient availability, which turn out to be as well colonized by the species (e.g., GutowSki & foerSter 2009).
The two springs considered for this study were selected because they were those hosting the largest populations of the two macroalgal species to be investigated, and the largest colonisable surface area compared to the many other springs included in the CRENODAT Project. CRENODAT and several other spring-habitat projects carried out in the Alps and in the northern Apennines (MC unpublished data) al- lowed to carry out qualitative observations on the macroscopic patterns and sometimes also seasonal features of H. rivularis and H. foetidus. These observations are consistent with the results of the present study, supporting the assumption that two representative spring environments were chosen. By comparing the relative changes of ecophysiological parameters of the two macroalgae it emerges that H. rivularis surprisingly shows greater variability than H. foetidus. This result must however take into account the limits of the sampling carried out and the fact that the two algae live in different sites and are therefore subjected to different abiotic variables during the course of the year. For example, the degree of shading varies a lot, seasonally, in Tovare, whilst in Cambiali it remains almost constant.
In conclusion, this study provided examples of strategies through which two species of macroalgae have adapted their seasonal development to the peculiar physical and chemical settings of springs, and showed that the extent of seasonal fluctuations in algal ecophysiological traits can vary markedly.
